The study has determined that a local, climatological minimum of tropical cyclogenesis exists over the eastern Caribbean Sea. This area, known colloquially by forecasters as the "hurricane graveyard," is located within the belt of tropical easterlies during most of the Atlantic hurricane season, which lasts from June through November. Tropical easterly waves emerging from the African continent usually follow a path through the Lesser Antilles and into the eastern Caribbean. GOES infrared satellite imagery shows that easterly waves frequently exhibit warming cloud tops and decreasing convection in an area bounded by the islands to the north and east, Venezuela to the south, and roughly 75 degrees longitude to the west. QuikSCAT derived surface winds during clear-sky conditions frequently show the presence of accelerating easterlies in the central Caribbean as part of the Caribbean Low-Level Jet (CLLJ). Analysis of the NCEP global reanalysis wind fields suggests the presence of an area of persistent low-level mass divergence in the eastern Caribbean. This implies a subsident regime that would weaken convection. Climatologically, this phenomenon reaches peak intensity in July, then shifts towards the east and weakens in the latter half of the Atlantic hurricane season. This is reflected by the local minimum of tropical cyclogenesis points in the National Hurricane Center's best track data in the early part of the season. El Niño directly affects the strength of the CLLJ, and hence, is related to the intensity of the low-level divergence in the eastern Caribbean. The local minimum of tropical cyclogenesis in this region has important implications to operational forecasting, since the vast majority of tropical cyclones in the Caribbean eventually affect surrounding landmasses.
Introduction
Hurricane forecasters have long been puzzled by the apparent tendency of nascent tropical cyclones to cease development or weaken as they traverse the eastern Caribbean Sea. Given the low latitude of this region, most of these tropical disturbances are those that develop from African easterly waves that are embedded in the deep, tropical easterlies in the North Atlantic Ocean. Oftentimes, these surface atmospheric waves or weak tropical cyclones and their associated convection unexpectedly decrease in intensity in the eastern Caribbean, only to redevelop once they enter the western Caribbean, posing a dilemma for forecasters.
An example of a tropical disturbance that weakened upon entering the eastern Caribbean can be seen in Fig. 1a and Fig. 1b . Fig. 1a shows the disturbance at 0015Z on July 16, 2004 with healthy convection just west of the Lesser Antilles. However, only three hours later (Fig. 1b) , the convection collapsed.
For years, the National Hurricane Center has colloquially referred to this eastern Caribbean region as a hurricane graveyard. A good example of this was in the forecast discussion for Tropical Depression Joyce in 2000, "…The outflow has improved and I would dare to say that it is favorable for strengthening. However…Tropical Depression Joyce is about to move into the area which the old timers call the hurricane graveyard.
Historically…with a few exceptions…tropical cyclones do not develop in this area…Joyce is kept at 30 knots through 48 hours. Thereafter…some strengthening is indicated when the depression reaches the western Caribbean…if it survives…" (Avila 2000) .
It is clear that an element of uncertainty surrounds the eastern Caribbean Sea with respect to forecasting the intensity and subsequent development of tropical disturbances and weaker tropical cyclones. Due to this uncertainty, there have been many cases when forecasters have maintained the status quo of a disturbance traveling through the eastern Caribbean Sea -even if conditions appear favorable for development -only to forecast its re-intensification once it leaves the region. This study investigates the possible climatological factors that may be contributing to this local minimum of tropical cyclogenesis. Since the vast majority of tropical cyclones that develop or enter the eastern Caribbean region eventually affect surrounding islands or landmasses, including the United States, it is imperative that forecasters understand the factors that may be contributing to the unexpected weakening of nascent tropical cyclones in the eastern Caribbean.
Background
The conditions supportive of tropical cyclogenesis are generally well understood. These conditions are summarized by Hennon and Hobgood (2003) as: (1) a persistent area of convection, (2) sufficient planetary vorticity, (3) little to no vertical wind shear, (4) sufficient moisture, (5) sufficiently warm ocean and deep mixed-layer, and (6) a state of atmospheric conditional instability.
For the local minimum of tropical cyclogenesis to be a significant phenomenon, there must be some condition that is climatologically persistent that tends to contribute toward tropical cyclolysis. It is obvious that conditions (1), (2), (4), and (5) above are not of concern for this study. The persistence of convection is itself the topic of study, as convection is often observed to weaken unexpectedly in the eastern Caribbean. For areas north of 5° N, planetary vorticity becomes a negligible concern (Hennon and Hobgood 2003) . The eastern Caribbean is located entirely north of this latitude. Likewise, we can discount the possibility of insignificant moisture playing a role in the eastern Caribbean, since the region is embedded within the deep tropics with prevailing surface easterlies advecting moisture from a generally uniform moisture source -the tropical Atlantic.
Occasionally, the Saharan Air Layer (SAL) is advected westward into the eastern Caribbean, bringing in drier air and increasing the temperature inversion at the base of the SAL, which may inhibit the development and intensification of tropical disturbances (Dunion and Velden 2004) . However, it is important to emphasize that while the SAL can be detrimental to tropical convection, its associated inhibiting factors are advected from east to west across the tropical North Atlantic. Therefore, if the eastern Caribbean is affected, the rest of the tropical North Atlantic to the east of the region should also be affected -perhaps to an even greater extent, assuming that the dry and warm SAL gradually moderates as it is advected westward. Thus, any negative effects of the SAL should not be unique to the eastern Caribbean and cannot explain the local minimum of tropical cyclogenesis in that region.
It can be shown from satellite data that the eastern Caribbean Sea does not exhibit significant departures in sea surface temperatures (SST) from the surrounding ocean.
The only difference is that there is a lag in the onset of the annual warming when compared to the Gulf of Mexico and the western Caribbean (Wang and Enfield 2001) .
There is no significant "cold pool" associated with the eastern Caribbean that would explain the local minimum of tropical cyclogenesis in the region. There are indications of cooler SST due to upwelling by the easterlies in the southwestern Caribbean Sea (Inoue et al. 2002) , but that is outside the geographic domain of this study.
Finally, it is necessary to address the remaining two conditions that favor tropical cyclogenesis: (3) little to no vertical wind shear and (6) a state of atmospheric conditional instability. If condition (3) were to be considered with a zonally averaged lower tropospheric wind field, then in the context of the deep tropics, the vertical wind shear can be increased by increasing the magnitude of the upper-level westerlies. There is no evidence that would suggest that the eastern Caribbean region is more likely to experience the temporal, synoptic-scale intrusions of upper-level westerlies from the midlatitudes, since the region is sub-synoptic scale. Hence, any increase in vertical wind shear would most likely result from accelerations in the low-level easterlies. Condition (6) can be broadly inferred to include mechanisms that cause vertical motion. The presence of lift or subsidence would act to enhance or inhibit convection, respectively.
Given the above discussion, the eastern Caribbean region does not exhibit any significant differences with its surrounding environment in terms of conditions (1), (2), (4), and (5). Therefore, this study investigated the contributions of conditions (3) and (6) on the tropical cyclogenesis potential in the eastern Caribbean. Namely, the objective of this study was to identify any possible sources of vertical wind shear in the lower troposphere and to see if there is any climatologically persistent impediment to buoyant instability, such as atmospheric subsidence.
Data and Methodology
Maps with the QuikSCAT satellite-derived surface wind speeds over the Caribbean Sea were used for the initial observational phase of this study. As shown in The acceleration of the surface easterlies in the central Caribbean would imply a region of horizontal surface speed divergence in the eastern Caribbean. To investigate this possibility, the NCEP/NCAR Reanalysis data at 2.5° x 2.5° degree spatial resolution and 6 hourly time resolution (00Z, 06Z, 12Z, and 18Z) were used for this study. Monthly means as provided by the Reanalysis were based on the 1968 to 1996 time period.
However, for the statistical calculations within this study, the daily data from 1948 to 2004 were used to provide a larger sample size. Cross-sections through the 17 pressure levels of the Reanalysis horizontal wind field (calculated using the u-and v-wind fields)
show that the CLLJ maximizes below the 850 mb level, which is consistent with Wang and Enfield (2003) . Also, given that tropical wave amplitudes often maximize between 850 mb and 950 mb (Thorncroft and Hodges 2001) , the 925 mb level of the Reanalysis was selected for further investigation.
As illustrated in Fig. 3 , the eastern Caribbean domain was defined for this study to be the area bounded meridionally by 17.5° N and 12.5° N and zonally by 75° W and 60° W. Reanalysis monthly means of u-and v-wind fields were used to calculate climatological divergence values within the domain. These were plotted using the Graphical Analysis and Display System (GrADS) and compared to QuikSCAT images to assess the qualitative relationship between the eastern Caribbean divergence field and the strength of the CLLJ in the central Caribbean. Finally, a likelihood ratio test (Wilks 2006 ) was conducted to see whether the probabilities of tropical cyclogenesis in the eastern Caribbean in any given year can be described by two separate Poisson distributions (El Niño months and non-El Niño months) with different means. El Niño is defined as any month with a negative SOI anomaly. Non-El Niño is defined as any month with a positive SOI anomaly. The test statistic that was used for the likelihood ratio test is as follows:
is the likelihood function associated with the null hypothesis ( 0 H ), and
is the likelihood function associated with the alternative hypothesis ( A H ).
Function L is the log-likelihood as defined by Wilks (2006) . Since the sampling distribution of * Λ can be described by the 2 χ distribution, this statistic was used to test whether the probability distribution of tropical cyclogenesis in the eastern Caribbean during El Niño conditions is significantly different from that of non-El Niño months.
Results and Discussion
The calculations performed on the Reanalysis monthly means (1968 to 1996) for June and July ( Fig. 4a and 4b) show a local maximum of mass divergence at 925 mb just south of Hispaniola. The divergence maximum climatologically shifts east and weakens as the hurricane season progresses ( Fig. 4c-4e ). This is consistent with the seasonal decrease in the strength of the CLLJ. This deceleration in the central Caribbean surface easterlies towards the latter part of the Atlantic hurricane season is resolved by the u-and v-wind fields of the Reanalysis and is reflected by the decrease in divergence in the eastern Caribbean.
Quantitatively, the 6-hourly Reanalysis u-and v-wind fields (1948 to 2004) show the same result. The spatially and monthly averaged divergence values in the eastern Caribbean decrease from June to November (Table 1 ). In fact, the divergence values decrease by at least an order of magnitude throughout the domain by September, October, and November. A statistical test was performed to determine the significance of this seasonal decrease. With a z-score of 18.7 and a p-value of roughly zero, it can be confidently concluded that the mean eastern Caribbean divergence at 925 mb decreases seasonally with respect to the Atlantic hurricane season. Fig. 5a shows an extended time With the peak of the AWP occurring during the late summer and early fall, the rising branch of the Hadley Cell shifts over the northwest Caribbean and the Gulf of Mexico, providing negative sea-level pressure anomalies that weaken the southwestern edge of the NASH. Hence, El Niño in the winter serves to weaken the NASH in the winter as well as the following summer, through the positive feedback mechanism of an enhanced AWP.
The strength of the CLLJ is positively correlated with the North Atlantic Oscillation (NAO), which implies a relation to the strength of the NASH (Wang 2007) . A stronger (weaker) NASH is associated with a stronger (weaker) CLLJ. Therefore, El Niño in the winter weakens the CLLJ in the winter.
According to Wang (2003 Wang ( , 2007 However, it is simply worth noting that there is marginally significant evidence to suggest that the Poisson mean of tropical cyclogenesis frequencies during non-El Niño months is indeed higher than that of El Niño months.
El Niño is already known to negatively affect the development of tropical cyclones in the Atlantic Basic through an increase in vertical wind shear (Gray 1984) .
However, it must be noted that since the relative frequencies of tropical cyclogenesis in the eastern Caribbean are inversely related to the magnitude of the low-level divergence in the region, it can be concluded that El Niño will further act to inhibit tropical cyclogenesis in the eastern Caribbean through local subsidence in addition to the largescale increase in vertical wind shear throughout the Atlantic Basin. Further supporting this argument is Wang (2007)'s finding that the CLLJ's contribution to vertical wind shear is only significant in the southwestern Caribbean. Therefore, the primary contribution of the CLLJ to the inhibition of convective development (and cyclogenesis)
is through the enhanced subsidence in the vertical column in the eastern Caribbean due to mass conservation. Wang (2007) , referring to the entire Caribbean region as a whole,
suggests that "the easterly CLLJ increases the moisture flux divergence in the Caribbean and thus suppresses the convection, decreasing rainfall and suppressing the formation of tropical cyclones." While this may be true and that there is a bimodal distribution of tropical cyclogenesis in the Caribbean (Inoue et al. 2002) , there is still a local minimum of tropical cyclogenesis in the eastern Caribbean. Therefore, the argument in this study for subsidence and low-level divergence being a primary factor against cyclogenesis in the eastern Caribbean still holds.
Summary and Conclusions
Long-term historical records of tropical cyclogenesis points suggest that there is a local minimum of tropical cyclogenesis frequencies in the eastern Caribbean Sea.
Indeed, short-term satellite imagery often indicate the decay of convective activity associated with tropical disturbances embedded within the deep easterlies in the tropical Atlantic as they traverse the eastern Caribbean region. Of all of the conditions that inhibit tropical cyclogenesis, only one stands out to be climatologically persistent in the eastern Caribbean -subsidence. The major findings of this study are as follows:
• The CLLJ is a semi-permanent feature in the central Caribbean that plays an active roll in tropical cyclogenesis potential in the eastern Caribbean. The CLLJ is an area of accelerating low-level easterlies that maximize at 925 mb and creates an area of divergence at the same level in the eastern Caribbean, which induces subsidence in the vertical column by mass conservation. This inhibits the intensification of convection and hence works against cyclogenesis.
• The intensity of the CLLJ and the magnitude of the divergence in the eastern Caribbean varies intra-annually, with a maximum in July and a steady decrease throughout the hurricane season.
• The relative frequencies of tropical cyclogenesis in the eastern Caribbean in the 1851-2005 period exhibit a peak in September. However, the distribution is skewed left, favoring higher probabilities of tropical cyclone formation in the latter part of the hurricane season. This is consistent with the seasonal decrease in low-level divergence in the eastern Caribbean.
• El Niño has a positive correlation with the strength of the CLLJ. Hence, El
Niño in the summer (during the hurricane season with the exception of November) is significantly correlated with the low-level divergence in the eastern Caribbean. This is also reflected by the climatological records of more storms forming in the eastern Caribbean during months with negative SOI.
The exact source of the CLLJ variability is still somewhat unknown due to the many complex climate teleconnections that influence it (Wang 2007) . In addition to what has been discussed above, it has been suggested that there is a relationship between the CLLJ and the onset of the Mid-Summer Drought in central American and Mexico (Magaña 1999) . The variability of the CLLJ was described from an observational perspective in Wang (2007) . In this present study, the CLLJ's effects on eastern Caribbean tropical cyclogenesis is investigated. The next step to improve understanding of this phenomenon would be to isolate the most significant conditions that force the CLLJ's variability, which would best be done through numerical modeling efforts. In addition, the climatological divergence patterns associated with CLLJ variability in nearby regions such as the western Caribbean should be studied to see if there exists a relationship with the observed tropical cyclogenesis frequency distribution for that region.
By identifying low-level divergence and subsidence as the underlying cause for the local minimum of tropical cyclogenesis in the eastern Caribbean Sea, this present study hopes to shed light on the mystery of the "hurricane graveyard" of the Atlantic. In actuality, this term is a misnomer, as major hurricanes do not seem to be affected by the region of low-level divergence. A strong cyclone usually exhibits large convergence at low-levels that overwhelms the pre-existing area of divergence. For example, Hurricane
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